.
Introduction
[2] Dust clouds artificially created by exhaust plume from rocket engines [Bernhardt et al., 1995; Bharuthram and Rosenberg, 1998 ] or chemical release experiments Holmgren et al., 1980] have been known for many years to produce effects observable on spacecraft instruments and scattering of radar signals. In recent years, several ionospheric sounding rocket experiments such as the Charged Aerosol Release Experiment (CARE) Rosenberg et al., 2011] , have involved the release of aerosols that result in a dust cloud in the background ambient plasma which captures electrons, and produces an electron depletion and a heavy negative ion cloud that expands into the background plasma [Ganguli et al., 1993] . Often, the production of small-scale plasma irregularities are associated with these experiments. For example radar echoes have been observed from the space shuttle exhaust for many years [Scales et al., 1998; Bernhardt et al., 1998; Bernhardt et al., 2005; Bernhardt and Sulzer, 2004; Scales et al., 1994] . It has been proposed that the shuttle exhaust produces a dust cloud of ice particles that charges and expands into the background plasma [Bernhardt et al., 1995] . The reason is that water vapor exhaust from the rocket engine condenses into ice nanoparticles that become charged in the plasma [Wu, 1975] . The electron depletion (bite-outs) after burning of the space shuttle maneuver engine was reported in many observations by incoherent scatter radar (ISR) [Bernhardt et al., 1975] . Associated with the expansion of the dust into the background plasma is the production of plasma irregularities that scatter the radar signal. There is a different hypothesis proposed to justify the enhancement of radar backscatter such as excitation of ion acoustic wave or dust acoustic wave, charging of ice particles in exhaust, etc. [Bernhardt et al., 1995] . In general, irregularities produced by expanding ionospheric dust clouds have relevance to remote sensing of ionospheric processes as well as creation and evolution of natural and artificial dusty plasmas in space.
[3] Natural occurring dust clouds in the lower ionosphere where noctilucent clouds exist, are believed to produce the polar mesospheric summer echoes (PMSEs) which are the strong radar echoes that have been observed typically in the 50 MHz to 1.3 GHz frequency range in the summer polar mesosphere [Cho et al., 1992; Rapp and Lubken, 2004] . In general, they are certainly produced by the structures in the electron number density at the radar half wavelength. But what is uncertain is what causes those structures to be present and persistent over relatively long time intervals (tens to hundreds of milliseconds). The deep electron density depletion associated with the formation of charged ice particles in the altitude range 80-90 km, known as "bite-outs," may be of an order of magnitude as observed in the in situ experiments and be associated with electric field irregularities [Pfaff et al., 2001; Croskey et al., 2001; Ulwick et al., 1988; Havnes et al., 1996a Havnes et al., , 1996b . Boundary layers of the order of a hundred meters or less have been observed at edge of the electron bite-outs [Ulwick et al., 1988] .
[4] The self excited dust density waves in a suspended dust cloud has been reported in a variety of laboratory plasmas experiments [Fortov et al., 2003; Arp et al., 2007] . An associated electric field is also measured in the boundary of the dust cloud [Fortov et al., 2003] . Several theoretical predictions has been made to validate the observed dust density waves inside the dust cloud in the laboratory experiments.
[5] The dust boundary layer between the background plasma region of primarily ions and electrons and a dusty plasma region with electrons, ions and dust has been shown to provide the free energy for generation of plasma irregularities in the case of expansion of a dust cloud across a magnetic field due to shear-driven instability in the crossfield flows [e.g., Scales et al., 2010, and references therein] . The purpose of this work is to extend work of Ganguli [2004a, 2004b] by considering the irregularity development due to expansion along the magnetic field. The previous work concentrated on investigating the development of equilibrium flows and equilibrium electrodynamics in the boundary layer and possibility of localized irregularities that would develop. This paper will actually investigate the irregularities generated by the free energy in the charged dust cloud boundary layer for the first time by considering the electrodynamics of the dust cloud on a much longer time scale than the dust plasma period. In the first part, the computational model used to study the structure of the charged dust cloud boundary layer will be described. In section 2, irregularities generated at the dust boundary layer will be presented by studying the relevant parameters on the strength and excitation time. Section 3 considers linear plasma instability theory used to validate the proposed generation mechanism. Then applications of the results for the naturally and artificially created dust cloud as well as laboratory plasma will be discussed. Finally, conclusions will be provided.
Physical Model
[6] A hybrid computational model is used to study the electrodynamics and irregularity generation in the charged dust cloud boundary layer. In the hybrid computational model, the electrons and ions are described with fluid equations and the dust is modeled as simulation particles with the particle-in-cell (PIC) method [Scales and Chen, 2008; Chen and Scales, 2005] . The variation of ion density is described by the continuity equation:
Here L i denotes the loss due to dissociative recombination and P i denotes the ion production due to photoionization. The recombination rate is modeled using L i = an e n i . The term dn i ctdt j charging represents the ion density reduction due to ion flux onto the dust due to the charging process. The electron density is determined from quasi-neutrality n e (x) = n i (x) À r d (x) where r d (x) is the dust charge density and e the unit charge. Neglecting the inertial effects in the momentum equation, the ion velocity can be written in this form:
where a = e or i, and q a , m a and T a are the species charge, mass and temperature. The dust charge is modeled using a standard continuous charging model. Time varying charge for each dust particle according to orbital-motion-limited (OML) approach [Shukla and Mamun, 2002] is given by
where I e and I i are the electron and ion current on each dust particle, respectively. These currents are given by
Here r d is the dust radius, v te (i) is the electron (ion) thermal velocity and f d is the dust floating potential. The relation of floating potential and the number of charges on the dust as well as dust radius can be written in this form:
In this model, initially, electron and ion densities are taken to be uniform and equal n e0 = n i0 . The uncharged aerosols (dust) are taken to have two forms of density. The first profile of dust density is regarded as the Gaussian distribution:
where n d0 is maximum density of uncharged aerosols , x 0 is the location of the center of dust cloud and s is the parameter which determines the width of dust cloud. Another dust cloud model that has been considered in this paper is in this form:
where n d0 is maximum density of uncharged aerosols, x 1 and x 2 are the location of the right and left boundary of dust cloud, respectively, and w is the scale length of the boundary. Aerosols are assumed to charge up negatively and have uniform radius. Zero current often used in ionospheric plasma is implemented to calculate the electrostatic field:
where J d is the dust current density calculated from the simulation dust particles, n en is the electron-neutral collision frequency and n in is the ion-neutral collision frequency. The collision of charged dust with neutrals is implemented by using a Langevin method and the dust-neutral collision frequency is denoted by n dn . The dust grain collision with neutral is implemented by randomly scattering the velocity vectors every time step. The magnitude of the particle velocity vectors is conserved. The velocity vector after collision with neutral particles can be written in this form for each dust particle [Winske and Rosenberg, 1998 ]:
N i is a random number [0] [1] . This model is used to consider time scales much longer than the dust plasma period unlike previous work Ganguli, 2004a, 2004b] .
3. Results and Analysis [7] Considering that an important application of this model is related to the ionosphere and ionospheric active experiments, parameter regimes associated with altitude range 250 km are considered. Other parameter regimes will be discussed shortly. Temperature for both ion and electron is taken to be T e = T i = 1150 K. The dust is taken to be cold here T d = 0, however, thermal dust will be considered for the expanding dust cloud boundary layer described shortly T d > 0. Dust particles are assumed to have radius in the range of 10-100 nm and have an equilibrium charge of Z eq = À10 to À100 Rosenberg et al., 2011] . Dust particles may have sizes up to 1000 nm in radius. However, the reduced range in dust radius used, which is effectively a reduction in the dust mass, was used for computational efficiency. It can be shown that it does not produce qualitative difference in the physics [Winske et al., 1995] . The electron-neutral collision frequency is n en ≈ 5 Â 10 5 Hz. The ion-neutral collision frequency is n in ≈ 2 Â 10 4 Hz, also the dust-neutral collision frequency is assumed to be of order of 1 Hz. Using these parameters for the Debye length, the boundary layer scale sizes from few meters up to 100 m are considered in this paper. In this part fundamental physics associated with dust cloud boundary layer is studied and detailed applications will be discussed subsequently.
[8] Associated with the dust charging is the production of an electric field in the boundary layer. This electric field is due to the depletion of plasma in the presence of the heavy aerosol particles and causes the diffusion of electrons and ions. Therefore it can be considered as ambipolar in nature. The steady state of the electric field amplitude occurs on the time scale of the dust charging Ganguli, 2004a, 2004b] . This electric field is directed into the dust cloud. Therefore the dust charging produces electric fields at the boundary layer which may be considered as the free energy source for localized irregularities.
[9] Different parameters may affect the strength of this electric field and the excitation time of irregularities. The parameters which are studied in this paper are the scale length of boundary, dust density, dust radius and collision frequency. In the case of the current model parameters, this electric field is of the order of 10 mV/m. The vertical electric fields have been postulated to exist in the region around NLCs and where PMSEs are generated. The observations have shown the electric field with the magnitude of 10 mV/m in this region [Pfaff et al., 2001] . This is discussed in more detail in the section 5.2.
[10] Figure 1 shows the variation of electric field and electron flow velocity for two dust cloud boundary layers using the cloud model of equation (8). Figure 1 shows the cloud at t = 0.04 s. As can be seen from Figure 1 , the maximum of electron flow velocity is located at the middle of dust cloud where the dust density is half of its maximum. The ambipolar electric field also has a narrow structure inside the dust cloud boundary layer. The electric field energy for boundary scale lengths 2.5, 5, 10, and 20 m is shown in Figure 2a . The electric field energy shows growth of the waves at 0.2, 0.4, 0.8, and 1.4 s for boundary layer scale lengths 2.5, 5, 10, and 20 m, respectively. The electric field energy increases in two steps. The first step which corresponds to the formation of the ambipolar electric field occurs after a short time for all boundary scale lengths. The second phase is the growth of electric field energy representing the formation of irregularities at the boundary layer that depends on the width of boundary layer. The saturation of electric field occurs at the time when the boundary starts to broaden and the source of free energy diminishes. It turns out that the scale length at the boundary layer of dust cloud is the most effective parameter on the excitation time of irregularities at the boundary layer of dust cloud. As will be shown later in this section, other parameters also affect the excitation time of the wave, but the scale length of the dust boundary layer is the parameter which has the largest effect on this time.
[11] It will be shown that the characteristics of the excited irregularity at the boundary layer of dust cloud matches well with the characteristics of the dust acoustic wave, as was predicted in the previous work by Ganguli [2004a, 2004b] . The dust acoustic wave frequency is given by the expression [Shukla and Mamun, 2002] :
where l is the wavelength of the irregularity and w pd is the dust plasma frequency. For kl D ≪ 1, this can be simplified to w = kC ds . The case in which the dust density is equal to the background plasma density and the boundary scale length of the order of 5 m is considered. To calculate the frequency spectrum of the electric field, the variation of the electric field at a point in the boundary of dust cloud is considered. The point which is used to calculate the frequency spectrum is located at a point in the boundary layer where the dust cloud has the maximum density. The variation of the dust density at this point after 6 dust plasma periods is found to be about 20%. Considering the small variation of dust density at this point, we expect that the frequency of the excited dust acoustic wave to be around the dust acoustic frequency calculated using equation (12) and maximum dust density.
As can be seen in Figure 2b , the wave frequency is at the dust acoustic frequency.
[12] One of the characteristics of the dust acoustic wave is that the fluctuation in the electron density is out of phase with the fluctuation in the dust density [D'Angelo, 1995] . As can be seen in Figure 3 , when the dust density reaches the local maximum amplitude, the electron density reaches the local minimum amplitude. Figure 3 clearly shows the anticorrelation of the electron fluctuation relative to the dust fluctuation. It should be noted that the dust acoustic wave only stays in the dust cloud boundary region and the electric field out of this region damps out quickly.
[13] The dust density relative to the background plasma density is another parameter expected to influence the excitation of irregularity. The dust radii are of the order of 10 nm in all cases presented in this section. As can be seen for the lower dust density case where n d /n i = 80%, reduction in both electron and ion density can be observed with the electron density depletions commonly referred to as electron biteouts. According to Figure 4 , the electron flow created in response to the electric field exists at the boundary layer of the dust cloud and its amplitude depends on the dust density. Increasing dust density from 80% of background plasma density to 100% and 150% enhances the depth of the electron bite-outs as well as electron flow velocity in the dust cloud boundary. In fact for the larger dust density, the depletion in the electron density is deeper and electric field at the boundary is stronger. Therefore the electron flow speed reaches the larger amplitude for the higher-density case. A small ion flow also exists and is only several percent of V thi . The localized flow may be significantly reduced by the nonlinear evolution of irregularities produced by free energy available in the flows. An important quantity that should be compared with these flow velocities is the dust acoustic speed, which is given by [Shukla and Mamun, 2002] 
where l Di is the Debye length of dusty plasma, w pd is the dust plasma frequency, Z d the dust charge and m d the dust mass. The dust acoustic speed is of the order of 1 m/s for the typical mesospheric parameters. Because of variation of dust density over the cloud region, dust plasma frequency and dust sound speed have spatial dependence. The dashed line in Figure 4 shows the dust acoustic speed. In all three cases the localized flow exceeds the dust sound speed before the wave starts to grow. Figure 4 shows the wave at approximately about 0.25, 0.22, and 0.17 s for the dust densities that are 80%, 100%, and 150% of background plasma density, respectively. Therefore increasing dust density increases the equilibrium electron flow and reduces the time of dust acoustic wave to develop in the charged dust boundary. The formation of the dust acoustic wave structure can be seen in the dust and electron density as well as electron velocity. The irregularity wavelength varies from 20 to 45 cm which corresponds to the radar frequency range 350 MHz to GHz at the Bragg scale for the parameters considered. Considering the variation of dust acoustic speed with the dust density, the electron flow velocity reaches the corresponding dust acoustic speed in all three cases and then dust acoustic waves are excited. By increasing dust density, the acoustic speed also increases, and as can be seen from Figure 4 , the electron velocity achieves a larger amplitude, which corresponds to higher dust acoustic speed, and then dust acoustic wave structures start to develop.
[14] The effect of dust density variation on the electric field is shown in Figure 5 . All four plots are at the same simulation time and show a stronger electric field for the higher-density case. Figure 5 also shows that for the higher dust density, the dust acoustic irregularities in the electric field form faster because the electron flow exceeds the threshold value (the dust acoustic speed) in a shorter time. It turns out that for the parameters used in Figure 5 , the dust density should be more than 60% of the background plasma in order to produce a strong enough electric field for the electron flow velocity to exceed the dust sound speed and excite the dust acoustic waves in the boundary layer.
[15] The variation of the equilibrium boundary layer with increasing dust radius is investigated in Figure 6 . Three values are shown r d = 15, 20, and 30 nm. Increasing the dust radius increases the depth of electron and ion depletion as well as electron flow velocity variations. As can be seen for all three cases electron flow reaches to threshold value which is larger than the dust acoustic speed. For the larger dust particles, irregularities start to develop faster. The reason is that increasing the dust radius enhances the depletion in the Figure 4 . Behavior of normalized plasma flows and densities at the time the irregularities start to develop in the charged dust cloud boundary layer with varying dust density. Note in each case that when V e exceeds C da , dust acoustic waves begin to grow, leading to irregularities in the dust cloud boundary layer. Figure 5 . Variation of electric field strength with dust density. electron density and enhances the ambipolar electric field in the boundary region which is the generating source for the waves.
Instability Analysis
[16] A simplified analysis is provided here to provide a somewhat more quantitative validation of irregularity generation in section 3. The simple local linear analysis consists of plasma drifting with respect to the dust particles. This is a reasonable assumption according to the result presented in section 3 where electron flow velocity exceeds the dust acoustic speed and then the waves start to develop. Using standard plasma instability theory, the linear dispersion relation for the irregularities in plasma consisting of electrons, ions and charged dust can be written as
where c e,i,d denotes the electron, ion and dust susceptibilities. According to the simulation set up, electrons and ions are assumed to have Maxwellian velocity distribution and drift relative to the dust. The electron and ion susceptibilities can be written in this form:
where l De,i is the electron (ion) Debye length, Z is the FriedConte plasma dispersion function and x e;i ¼ ðw À k x v de;i þ in e;in Þ= ffiffi ffi 2 p k x v te;i . According to Figures 4 and 6, the electron flow velocity exceeds the dust acoustic speed that may be considered as a source for dust acoustic wave generation which is consistent with earlier work on the generation of the dust acoustic instability in such a configuration Ganguli, 2004a, 2004b] . Considering that this flow speed is much less than ion thermal velocity, the flow itself would not be expected to drive ion waves or waves of higher frequency in the dust boundary layer. The dust is assumed to be cold; therefore, the dust susceptibility is taken to be
where w pd is the dust plasma frequency. Figure 7 shows the solution of dispersion relation (12) on the basis of the parameters used in the simulation for the dust density 100% of background plasma density and it can be seen the maximum growth rate is of the order of 0.001w pd . Considering that the irregularity is about k x l Di = 0.5, the calculated growth rate from the electric field energy from the computational model is roughly 3 Â 10 À3 w pd , which shows reasonable agreement. The analytical model may well underestimate the local growth rate in the simulation boundary layer as it evolves. This can be justified by considering that in the instability analysis only the flow velocity created by the electric field in the boundary layer is included and the effect of density gradient is overlooked. Therefore including spatial inhomogeneities in the dispersion relation may give us a better estimation for the growth rate which will be considered in future work.
[17] It can be noted that a relatively broad spectrum of wave numbers are unstable with the maximum growth rate k x l Di $ 1. The wavelengths of irregularities are quite broad with roughly 0.1 < k x l Di < 2 and for the ion Debye length of the order of centimeters, this implies the irregularity scale size roughly from meters to few centimeters which is consistent with the natural irregularity scale size observed in the mesospheric region as will be discussed in section 5.2.
[18] The threshold electron velocity to excite the dust acoustic wave for the 100% dust density to the background plasma density is about 0.05V thi which is about two times of the dust acoustic speed. When the flow velocity reaches this value, the dust acoustic wave starts to propagate inside the dust cloud. Figure 7 , which corresponds to the simulation parameters for the 100% dust density to the background plasma density, also shows that the electron flow can be an effective way of producing irregularities when v de /v thi > 0.06. This is on the order of 2C da . The electron flow in Figures 4 and 6 are in the range of 2-20 C da that can destabilize dust acoustic waves according to the solution of the dispersion relation. Therefore, the solution of the dispersion relation shows that the electron flow can destabilize dust acoustic waves which were shown in the computational results in section 3 and validate the results of computational model.
Applications
[19] The most important consideration to the applicability of the present irregularity generation is the lifetime of the dust boundary. The parameter that determines this is the dust diffusion time. The dust diffusion time can be approximated by
Figure 6. Variation of plasma and dust densities and plasma velocities with dust radius. When V e exceeds C da , dust acoustic waves develop in the boundary layer.
where w is the scale length of boundary [Lie-Svendsen et al., 2003] . For typical quantities used in the simulation, this time is predicted to be of the order of 10 4 s for ionospheric parameters. This time is much longer than the time irregularities needs to develop as described earlier. Therefore, dust irregularity can grow within the lifetime of the boundary layer.
Aerosol Release Space Experiments
[20] A rocket experiment has been conducted to test the theories of radar scatter from artificial charged dust clouds and also study the basic physics associated with natural dust clouds such as noctilucent clouds. The Charged Aerosol Release Experiment (CARE) was conducted at the altitude region of 280 km and radar echoes and electron depletion were observed associated with this experiment . This behavior was also observed in the past experiments regarding the space shuttle exhaust [Scales et al., 1994] and scattering of radar signals is believed to be produced because of the irregularities associated with the electron depletion shortly after release. The backscatter radar enhancement from the space shuttle exhaust has been proposed to be due to two processes for the interaction of shuttle exhaust with background atmosphere [Bernhardt et al., 1995] . The proposed expansion-cooling-condensation process that transforms the exhausted water vapors from the space shuttle engine to the ice is consistent with the assumption of the present work. These ice particles have been shown to have approximately 6 nm size and are negatively charged by pick up of ionospheric electrons [Bernhardt et al., 1995] . Because of the expansion speed much higher than ion thermal velocity during this experiment, the excitation of dust acoustic wave as the cause of coherently scatter radar signals was overlooked according to the streaming instability analysis. It has been propounded by Bernhardt et al. [1995] that for the right parameter regime, the dust acoustic wave can be excited at the boundary region of the expanding dust cloud.
[21] The dust acoustic wave was proposed as the generation source of radar echoes in a number of experiments. Therefore the dust acoustic wave excitation at the boundary layer of the expanding dust cloud that has direct application to such active space experiments will be considered here.
[22] In this section, the excitation of dust acoustic waves at the boundary layer of an expanding dust cloud is studied which has the application to aerosol release experiments Rosenberg et al., 2011] . The Gaussian dust cloud described by equation (7) is considered in this section which diffusively expands by making T d ≫ T e = T i . The dust density is assumed to be about 40 times of background plasma density which is reasonable for the early time after the aerosol release. Temperature for both ion and electron is taken to be T e = T i = 1150K. Dust radius is assumed to be 20 nm. The electron-neutral collision frequency is n en ≈ 5 Â 10 5 Hz. The ion-neutral collision frequency is n in ≈ 2 Â 10 4 Hz, also the dust-neutral collision frequency is assumed to be of order of 1 Hz. Figure 8 shows the excited dust acoustic waves at the boundary layer of dust cloud. The location of peak of the ambipolar electric field formed at the boundary represents the leading edge of the dust cloud and moves as the dust cloud expands out. Therefore the maximum of electric field can be used as a marker to determine the distance that dust has expanded with respect to its initial location. The dust cloud expands out about 150 m in 0.1 s. The expansion speed of the dust cloud is of the order of few times the ion thermal velocity speed which is comparable to the expansion speed in the CARE experiment [Rosenberg et al., 2011] . Figures 8a and 8b show the electron flow inside the dust cloud boundary layer during the expansion. As can be seen in Figure 8c , when the electron flow reaches the dust sound speed, the dust acoustic wave structures start to form in the electric field and electron flow velocity. Figure 8d also shows the excited and spread wave in the dust cloud region.
Polar Mesospheric Summer Echoes
[23] Polar mesospheric summer echoes (PMSEs) are the strong echoes in the height range 80-90 km. In situ experiments have shown the existence of aerosol and reduction of electron density or electron bite-outs, up to 90% or more in the PMSE source region [Reid, 1990; Pfaff et al., 2001; Croskey et al., 2001; Ulwick et al., 1988; Havnes et al., 1996b] . These density structures may extend several kilometers in altitude with the gradient scale lengths may be the order of tens of meters or less. The boundary layer of the charged aerosol cloud is the boundary between ambient background plasma of electron and ion and the region which contains electron, ion and charged heavily aerosols. This inhomogeneous boundary layer may be considered as a region with free energy sources to produce plasma irregularities in the boundary that may lead to the PMSEs which is consistent with the assumption of this work Ganguli, 2004a, 2004b] .
[24] An in situ measurement of electric field at PMSEs altitude was done by [Pfaff et al., 2001] . The two electric field structures at the altitudes about 83-86 km were observed. The top structure which centered at 85.5 km revealed a well defined electric field structure consisting of low-frequency waves in the range of 7-15 Hz. The region of these waves is consistent with the region of the electron depletion (bite-outs) and detected charged aerosol particles (size 1-10 nm). The high-frequency electric field structure also was observed near 1 KHz centered at 83.5 km believed to correspond to the NLCs.
[25] In recent years there has been an extensive effort to measure the size and density of ice particles in the mesosphere through the in situ measurement by rockets [Robertson et al., 2009] . Dust density 3 Â 10 3 cm À3 and radius 3 nm have been observed in the recent in situ experiments. Considering the application of this model to the mesosphere, mesospheric parameters are considered Ganguli, 2004a, 2004b] . The PMSE irregularity generation region is in the altitude near 85 km and plasma density n e = n i ≡ n 0 $ 10 9 m À3 . Temperature for both ion and electron is taken to be T e = T i = 150K. The ion-neutral collision frequency is of the order of 10 5 Hz. Proton hydrates with mass between 59 and 109 are the dominant ion compositions at this height range. O 2 + ions are more numerous than NO + . NO + and O 2 + together can be slightly more than the proton hydrates at 88 km and above [Kopp et al., 1985] . Dust particles are assumed to have radius of the order of a few nanometers and have an equilibrium charge of one electron, i.e., Z eq = 1 [Lie-Svendsen et al., 2003] . The electron-neutral collision frequency to electron plasma frequency is n en /w pe ≈ 1, also the aerosol-neutral collision frequency is assumed to be of order of one tenth dust plasma frequency.
[26] According to linear theory, the presence of collisions between the dust and a neutral gas background reduces the growth rate of the instability. The approximate dust-neutral collision frequency can be calculated by the following expression when a hard sphere model is used [Cho et al., 1992] n dn ≈ r where n n , m n , and v tn are the neutral density, mass, and thermal velocity, respectively. Using typical mesospheric values, n n $ 10 20 m À3 , m d /m n $ 10 5 , and T = 150 K, yields n dn $ 100 Hz, which compares with w pd $ 10 Hz. Therefore the dust-neutral collision frequency to dust plasma frequency ratio is of the order of 10 using mesospheric parameters. Figure 9 shows the dust-neutral collision effect on the electric field and the development of the dust acoustic waves for different dust-neutral collision frequencies. For the small value of dust-neutral collision frequency n dn = 2 Hz, dust acoustic wave starts to grow at the boundary layer and then propagates toward the middle of cloud. As can be seen in Figure 9 , by increasing n dn to 20 Hz, the wave starts to grow but the electric field amplitude is smaller in comparison with the previous case and the wave damps out faster. Using n dn = 100 Hz which is of the order of the collision frequency calculated at mesospheric altitudes, the excited dust acoustic wave fluctuations in the electric field are quite weak and are confined close to the boundary region. For the higher values of n dn such as 1000 Hz, the wave does not grow and even exist inside the boundary layer because of high collisionality between dust and neutral particles.
[27] Figure 10 shows the computational results of the electric field, dust cloud, and electron and ion densities after t = 5.2t pd which corresponds to t $ 0.5 s. Dust density and radius are assumed to be 4 Â 10 9 m À3 and 3 nm, respectively. Dust collision frequency is about 10 Hz. The propagation of dust acoustic waves away from the boundaries ultimately result in spiky electric field irregularities throughout the dust cloud. This is of a similar structure as observed in past experiment [Pfaff et al., 2001] . Although the electric field calculated using the computational model is comparable to the measured electric field in the in situ experiment, it should be noted that by increasing the dustneutral collision frequency to the value at mesospheric altitudes, n dn ≈ 100Hz, these waves damp out fast as shown in Figure 9 . The electron irregularity amplitude is of the order of 7% of the maximum electron density. Both radar echoes and in situ turbulence during STATE 3 maximized at the edge of steep electron bite-outs with density gradient scale length of the order of hundred meters [Ulwick et al., 1988] . The sharp boundary could be as a result of steep temperature gradient that causes the drop of temperature to a value below what is needed for the formation of ice particles [Reid, 1990] . As discussed in section 5.1, the frequency of this wave is the dust acoustic wave frequency which is about 10 Hz for the mesospheric parameters and is close to the measured frequency in the in situ experiment. Considering the dust sound speed in the order of 1 m/s using mesospheric parameters, the Doppler data measured in the experiment estimates 2 m/s upward PMSE motion at 500 MHz which is consistent with gravity wave energy propagation through DAW [Hall and Röttger, 2001] . As mentioned in section 5.1, fluctuations in the dust density and electron density are out of phase which is consistent with experiments that found that electron density and dust density are anticorrelated in this region [Rapp and Lubken, 2004; Havnes et al., 1996b] .
Laboratory Plasma
[28] Self-excited dust density waves in the boundary region of dust cloud has been observed in laboratory plasma experiments [Fortov et al., 2003; Arp et al., 2007] . Directed plasma flow that propagates into the dust cloud is argued as the generation source of the self-excited dust density waves [Arp et al., 2007] . The experiments are also done under microgravity conditions which consistent with the simulation configuration. It has been shown by Fortov et al. [2003] that existence of a permanent electric field is the necessary condition to excite the dust acoustic wave at the diffusive edge of the suspended dust cloud. This is in agreement with the computational results shown in this paper. The excitation of dust acoustic wave in the laboratory plasma has been shown in many experiments but there has been no selfconsistent model of the excitation process of this wave inside the dust cloud in vacuum chamber. The model and results shown in this paper can be generalized to these types of experiments as well. It has also observed during experiments that the wave originated in the upper part of the dust cloud and then propagates downward which is in agreement with our model results.
[29] In the laboratory plasma, the neutral density is larger and the dust grains are about 1000 times larger which gives a mass 10 6 larger in comparison with the plasmas in the mesosphere and ionosphere considered here. Therefore, this results in the smaller wavelengths for the generated DAW in laboratory plasma. Considering that pressure used in lab experiments is comparable to the pressure in ionosphere, the frequency would remain about the same.
Conclusions
[30] The inhomogeneity at the boundary of a dust cloud and background plasma was proposed as the possibility for providing free energy to generate dust acoustic waves that may cause plasma irregularities with applications to space and laboratory experiments. Computational and analytical models were provided to study the development of these irregularities. It turns out that electric fields generated at the boundary in response to the electron bite-outs during the dust charging process, produce electron flows inside the dust cloud. When the amplitude of the excited electron flow exceeds the dust sound speed, dust acoustic waves will be formed and propagate throughout the dust cloud. Various parameters such as electron flow speed at the boundary layer, frequency spectrum of electric field and instability threshold were used to characterize and validate the wave characteristics. Anticorrelation of fluctuations in the dust and electron densities was observed. The growth rate from the linear theory and computational model were compared to Figure 9 . Dust-neutral collision frequency effect on the development of irregularity in the dust cloud boundary layer.
validate that the excited plasma flow in the boundary can generate the observed dust acoustic waves. The application of these results to the naturally and artificially created dust cloud in the space and laboratory experiments were discussed in some detail. The possibilities and a restriction of the present mechanism to be applied to mesospheric applications such as PMSE has been discussed. It was shown that for high collision frequencies, the waves may be very weakly excited (or even quenched) and confined to the boundary layer. The observed radar echoes associated with the artificially created dust cloud at higher altitudes in the ionosphere including space shuttle exhaust and charged aerosols release experiments could be related to the excited acoustic wave at the boundary layer of charged dust layer. This would possibly produce both significant electric field fluctuations and electron density fluctuations propagating throughout the cloud as described here. It would therefore be useful for future in situ space experiments to try to investigate the generation of dust acoustic waves in measurements through the probing near the leading edge of the expanding cloud. More laboratory dusty plasma experiments under the micro gravity conditions may further expand upon the conclusions presented here.
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